Varronia curassavica is an important medicinal species associated with the restinga, one of the most threatened coastal ecosystems of the Atlantic Forest. These circumstances call for studies aimed at estimating effective population size and gene flow to improve conservation efforts. Hence, the present study aimed to characterize the genetic diversity, ploidy level, and population structure of this species in different areas of restinga using microsatellites. Varronia curassavica was characterized as an autotetraploid, with high genetic variability, low divergence, and no significant fixation indices, indicating the absence of, or reduced, inbreeding and genetic drift in the study area. About 44% of the alleles occurred at low frequency in adults of all populations and 41% in the progenies evaluated. Gene flow was high, consistent with outcrossing species with high dispersal capacity (N m = 4.87). The results showed no tendency toward isolation by distance. The estimated effective size indicates that the populations studied have the potential to ensure conservation of the species in the long term. The genetic variability and population structure of V. curassavica, as determined in this study, could form the foundation for activities directed toward the sustainable use of this resource and its conservation. Even though the restinga ecosystem has suffered dramatic reductions in area, this study provides evidence that this species is resilient to anthropogenic threats to its genetic integrity, since it is a polyploid with self-incompatibility mechanisms that contribute to maintaining high genetic diversity in an panmictic meta-population along the coast of Santa Catarina.
genetic variation and effective population size is critical (Reis 1996; Frankham 2003; Neel and Ellstrand 2003) .
The restinga is considered one of the most threatened ecosystems in the Atlantic Forest (Strohaecker 2008; Barcelos et al. 2012) . It comprises the entire vegetation complex established in sandy soils of marine origin (Castro et al. 2007; BRASIL 2016) , and it is extremely sensitive and susceptible to environmental disturbances (Falkenberg 1999) . Especially, given its location along the Brazilian coast, the restingas have experienced a continuous process of degradation (Barcelos et al. 2012) , which has reduced their area by more than 90% (SOS Mata Atlântica 1998), mainly from increasing urbanization (Rocha et al. 2003) .
Varronia curassavica Jacq. (Boraginaceae), popularly known as "erva-baleeira," is a characteristic species of the restinga. It is a perennial subshrubby species that occurs along most of the Brazilian coastline (Smith 1970; Judd et al. 2009 ). Small white flowers are produced throughout the year and mostly pollinated by bees, flies, and butterflies (Hoeltgebaum et al. 2017) . The fruits are dispersed primarily by birds typical of open and anthropized areas (Opler et al. 1975; Hoeltgebaum et al. 2017) . It presents self-incompatibility mechanisms such as heterostyly and protogyny, and the mating system is typically outcrossing (Hoeltgebaum et al. 2017) .
This species has numerous medicinal uses derived from its antiinflammatory, analgesic, and healing activities (Lorenzi and Matos 2008) . These pharmacological properties have been proven in many studies, and its compounds have been the subject of reports over the last 2 decades (Sertié et al. 1991; Carvalho Junior et al. 2004; Ming et al. 2012) . In fact, the pharmaceutical industry has expressed a growing interest in obtaining leaves of this species for used as feedstock in the manufacture of phytomedicines (Montanari 2011) . According to data from the IMS/Brazilian Pharmaceutical Market, annual sales of the phytotherapeutic product, produced and patented in Brazil, exceeded US$ 9.4 million (data given by Aché Laboratórios Farmacêuticos SA). Although no market estimates are available, a wide variety of products can be purchased in the popular market, mainly in the form of teas, extracts, oils and creams. In addition, local communities collect leaves directly from naturally occurring areas for both medicinal and food use (Melo et al. 2008; Gandolfo and Hanazaki 2011) .
Despite its importance, studies of genetics are scarce for V. curassavica. The few studies found for this species have reported on the number of chromosomes (Coleman 1982) , development of microsatellite loci (Figueira et al. 2010) , and characterization of genetic diversity through allozyme analysis (Hoeltgebaum et al. 2015) . Although V. curassavica was categorized by Coleman (1982) as diploid, with n = x = 9, Figueira et al. (2010) developed 8 highly polymorphic microsatellite loci for the species and they verified the presence of multiple bands per locus, which is typical of polyploid species. In fact, genetic profiles using different molecular markers showed that polyploidy is present in various genera of the Boraginaceae family (Heubl et al. 1990; Korbeck et al. 2003; Mable 2004; Meeus et al. 2012; Coppi et al. 2014) .
Therefore, considering this threatened ecosystem in the context of the importance of this medicinal plant and the scarcity of information, the present study aimed to characterize the genetic diversity, ploidy level, and population structure of this species, in different areas of the restinga using microsatellite markers. It is anticipated that this study will lay the groundwork for potential conservation strategies.
Materials and Methods

Study Areas and Species
The study was conducted in 4 areas of the restinga, 2 of them located along the Florianópolis coastline (Joaquina and Campeche) and 2 along the coastline of the mainland region of the State of Santa Catarina (Palhoça and Laguna) (Table 1, Figure 1 ). According to the Köppen climate classification system, this region is Cfa mesothermal humid (Köppen 1948) . It has hot summers with annual mean temperature of 21.6 °C and well-distributed rains throughout the year with average annual precipitation of 1304 mm. The main type of vegetation consists of pioneer species of the Atlantic Forest (Veloso et al. 1991) . Herbaceous shrub species associated with dunes are predominat in the areas evaluated, while some sections are formed by small trees or a few trees in the driest areas. Even though these areas are presumably protected by legislative mandate, they are still subject to anthropogenic pressure from the real estate and tourism sectors, as well as exploitation of the species of interest for its ornamental or medicinal value.
Detection of Ploidy
To verify ploidy, cytogenetic and genotyping assays were performed. Analysis of mitotic chromosomes was performed from meristematic tissue extracted from actively growing root tips obtained by seed germination of 10 individuals. The meristematic tissue collected was stored in a saturated solution of paradichlorobenzene (PDB) for 24 h at 4 °C. After fixation in Carnoy solution 3:1 (ethanol: acetic acid) for 2 h at room temperature, the roots were washed in distilled water and hydrolyzed in HCl 1 N for 15 min a water bath at 60 °C. After further washing, the material was kept in Feulgen solution before staining. For slide preparation, the material was macerated and stained with 2% acetic carmine, followed by examination under an optical microscope (×1000 magnification). In addition, the number of chromosomes produced by gametes during meiosis was verified. Flower buds were fixed in Carnoy 3:1 for 24 h and stored at room temperature in 70% ethanol until use. To obtain anthers, young buds were selected. These were crushed and treated with 2% acetic carmine to analyze pollen mother cells in metaphase under optical microscopy.
Genetic Characterization
For genetic characterization of 4 populations of V. curassavica, leaf samples of at least 100 adults were collected in each study area with a minimum spacing of 20 m between plants. For the Joaquina population, progenies were also characterized. The leaf material was collected from the progeny plants germinated in a greenhouse from 16 different matrices obtained from seeds, totaling 283 plants. For extraction of leaf genomic DNA, the Nucleospin Plant II (250) kit was used (MACHEREY-NAGEL GmbH & Co. KG), according to the manufacturer's instructions. Eight polymorphic microsatellite loci developed for the species by Figueira et al. (2010) (Table 2) were amplified by polymerase chain reaction (PCR) to genotype individuals. To amplify primers, DNA was diluted in water at 9:1 µL, and the KAPA PCR kit (KAPA Biosystems) was used with a volume of 10 μL per reaction. Each primer for each locus was labeled with the fluorochromes FAM (blue), PET (red), NED (yellow), and VIC (green) for the 8 microsatellite loci (Table 2) , forming 2 multiplex systems. The set of cycles and temperatures used were 95 °C for 3 min of denaturation, followed by 30 cycles, each cycle consisting of 3 phases: the first, 95 °C for 30 s; the second, 61 °C for 30 s; and the third, 72 °C for 30 s for elongation, followed by a final elongation step at 72 °C for 30 min. Capillary electrophoresis was performed using 1 μL of diluted PCR product in ultrapure water (15:2 µL) and adding 0.25 µL of GS600 LIZ® and 8.75 µL of formamide HIDI™. Reading of the alleles was carried out in an ABI 3500XL Sequencer (Applied Biosystems) with 24 capillaries. Gene Mapper v.3.2 (Applied Biosystems) was used to interpret the electropherogram peaks. 
Genetic Analysis
The levels of genetic diversity in V. curassavica populations were estimated from allelic richness, that is, the number of alleles per locus (A); allelic richness within the individual (Ai); genotypic richness, which measures the number of genotypes with 4 alleles per locus (G); observed (Ĥ O ) and expected (Ĥ E ) heterozygosities, and F fixation index for all loci, calculated as 1 − (Ĥ O / Ĥ E ). Within each population, each locus deviating from the Hardy-Weinberg equilibrium (HWE) model was tested using the chi-square test (χ 2 ). Average fixation index within population (F IS ) was also calculated and its significance assessed by resampling 10 000 bootstraps. Genetic diversity parameters were calculated using the Autotet program (Thrall and Young 2000) , which is specific to polyploid organisms. The program estimates Ĥ O , weighted inversely to the probability of any 2 of their alleles being identical by descent; Ĥ E and F IS were calculated on the basis of random chromosome segregation (Li 1955) .
The partition of genetic diversity within and among populations was calculated by means of genetic diversity statistics, following the approach of Nei (1973) and using DISPAN software (Ota 1993) . H T is the total genetic diversity, H S is the genetic diversity average within populations, D ST is the genetic diversity among populations, and G ST is the proportion of the total genetic diversity among populations were all estimated. The same software generated the genetic distance D arrays among populations based on Nei (1972) . The dendrograms were created according to the unweighted pair group method with arithmetic mean (UPGMA) algorithm, with the support of PAST, v. 3.01 (Hammer et al. 2001) .
Gene flow among populations (N m ), which measures population differentiation from the divergence among populations, was estimated using the approach of Wright (1951) . Estimated neighborhood size (N b ), or the average number of reproductive individuals per area, followed the approach of Wright (1931) and was based on the isolation by distance model (Slatkin and Barton 1989) . The effective population size (N e ) was estimated according to Li (1955) . N e estimates for reference values of 50 (Frankel and Soulé 1981) , 500 (Franklin and Frankham 1998) and 1000 individuals (Lynch and Lande 1998) were obtained by multiplying the reference values by the values obtained of n/N e .
Data Archiving
In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses in the Dryad Digital Repository (doi: 10.5061/dryad.1828q).
Results and Discussion
Evidence of Polyploidy
The individuals analyzed (Figure 2 ) showed 2n = ca. 36 somatic chromosomes in mitotic root tissue. The analysis of the cells in meiotic division showed n = ca. 18 gamete chromosomes. Considering the baseline number of n = 9 registered for V. curassavica (Coleman 1982) , these are tetraploid individuals (2n = 4x = 36). This adds new information to the cytogenetic knowledge of the species.
Both the pattern of fluorescent peaks observed, as confirmed by capillary electrophoresis, and the results from chromosome counts confirmed that individuals of the studied populations were tetraploids, presenting up to 4 SSR alleles per locus per individual. Most individuals possessed more than 2 alleles at some loci evaluated in all populations. For allopolyploid species, a diploid SSR pattern is expected because distinct genomes may contain different SSR loci. However, the results showed a polysomic (more than 2) SSR pattern, as would be expected for an autopolyploid species (Soltis et al. 2003) .
Genetic Diversity
A total of 94 alleles were detected in 8 polymorphic loci analyzed in 4 populations of V. curassavica, with an average of 11.75 alleles per locus, ranging from 4 to 22 (Table 3) . For progenies, 67 alleles were found in the Joaquina population with an average of 8.5 alleles per locus, ranging from 3 to 19 alleles (Table 4) .
Allele frequencies were heterogeneous among populations. The presence of rare alleles (frequency < 0.05) was detected in all populations and represents an average of 44% of all alleles found. Similarly, private alleles were observed in all loci and all populations. Populations of Palhoça (8 alleles) and Joaquina (6 alleles) had the highest number of private alleles. In Palhoça, these occurred in 6 different loci, whereas in Joaquina, private alleles were observed in only 2 loci. Allele frequencies among adults and progenies in the Joaquina population also showed heterogeneity, indicating that some alleles found in this population were not present in the progenies. Rare alleles were observed in 5 of the 8 loci evaluated, with a total 41% of alleles sampled in the progenies, while private alleles were only found in the MCvCIRCPQ7 locus.
Individual adults showed an increased number of private alleles in relation to the progenies, suggesting that not all individuals in a given plot participate in the reproductive process or are not represented in progeny sampling. The presence of private alleles in the progeny demonstrates the occurrence of pollination outside the plot, either within the same area or within a neighboring population, since alleles appeared in the Campeche population, which is about 7 km from the Joaquina population.
The genetic diversity indices are presented in Tables 3-5 . Average observed heterozygosity (Ĥ O ) in the populations was 0.702, and the average expected heterozygosity (Ĥ E ) was 0.713 (Table 3) . Among populations, these averages were 0.693 and 0.711, respectively (Table 5) = 0.735) ( Table 4 ). The fixation index (F) was significantly different from zero in 6 of the 8 loci evaluated in the populations (P < 0.001), suggesting deviations from HWE. However, within populations (F IS ) values were not different from zero (0.015) ( Table 3 ). For progenies, F was negative (−0.151), but not significant (Table 4) . Within populations the values of F IS were similar (Table 5) , indicating little genetic difference among them, as well as the absence or reduced effects of inbreeding and genetic drift. This aspect can be explained by the reproductive system of the species which is typically outcrossing, with such self-incompatibility mechanisms as heterostyly and protogyny (Hoeltgebaum et al. 2017) .
Genetic diversity values were close to those found for others polyploid species of the Boraginaceae family and higher when compared to diploid species. Meeus et al. (2012) studied genetic variation in different populations of Pulmonaria officinalis, also using 8 microsatellite loci, and found expected heterozygosity similar to that found in this study (Ĥ O ~ 0.80 and Ĥ E ~ 0.65). For Eritrichium nanum, Wirth et al. (2009) found high levels of heterozygosity, with Ĥ O ranging from 0.847 to 0.958 and Ĥ E ranging from 0.801 to 0.952 among loci.
Studies have shown that polyploid species have high levels of heterozygosity when compared related diploid species (vide Brown and Young 2000; Mahy et al. 2000; Hardy and Vekemans 2001) . Polyploidization is considered the main source of variation in the number of chromosomes in angiosperms (Pitrez et al. 2014) , and, as such, it can stimulate new structural changes in the genome, providing lines with genomic variation not available in diploid organisms (Otto 2007) . Among the benefits of an increase in the genome, the literature suggests a greater tolerance to biotic and abiotic variations (McIntyre 2012). Apart from expansion of the ecological niche, this attribute allows greater flexibility in response to environmental changes (Adams and Wendel 2005; Moore and Purugganan 2005; Madlung 2013 ), which can be advantageous for species maintaining populations under extreme conditions, such as those found in the restingas.
Population Genetic Structure
The genetic structure showed that most of the genetic diversity is located within populations (H S = 0.7107) than among them (D ST = 0.031). Some of this variation can be attributed to interpopulational divergence (G ST = 0.0488), showing that around 5% of the allelic variation found is not shared by the 4 populations because of genetic subdivisions (Table 6 ). This divergence is considered low to moderate, reflecting the heterogeneity found in allele frequencies.
For distribution of genetic variability, the results corroborate those of other studies conducted with tropical species, typically allogamous species with extensive gene flow (Loveless and Hamrick 1984; Hamrick and Godt 1990; Wadt and Kageyama 2004; Conte et al. 2008 ) and whose variation is mostly maintained within populations. Thus, for V. curassavica, the reproductive system, coupled with the presence of functional self-incompatibility mechanisms, may be the main factor responsible for the high genetic variability within populations, as well as the low fixation index detected.
The dendrogram generated from the genetic distance matrix based on distance D (Nei 1972) (Figure 3 ) showed a grouping among populations of Campeche and Joaquina, revealing greater genetic similarity among these populations. Despite its geographic distance from the other populations, the population of Laguna grouped with this clade. The population of Palhoça was the least similar. The similarity among the populations of Joaquina and Campeche was expected as a result of geographic proximity and contiguity of boundary lines connecting the 2 sampled areas. By proximity, one would expect that the population of Palhoça should group together with the Joaquina/Campeche clade. However, Palhoça had the highest number of alleles and private alleles (Table 5) . Therefore, this grouping reflects no tendency toward isolation by distance.
Gene Flow and Size of the Neighborhood
The estimated gene flow, or number of migrants per generation, among populations was N m = 4.87. According Hartl and Clark (2007) , when the gene flow among populations exceeds 4 migrants/ generation, they could be treated as panmictic populations. High gene flow increases genetic diversity, contributes to maintaining the viability of populations, and reduces differences among populations. This is a reflection of outcrossing species which occur continuously and in large numbers. It also reflects the dispersal capacity of the species and the presence of disperser avifauna in the restinga fragments studied. Varronia curassavica is pollinated by insects and dispersed primarily by birds. Generally, the flight radius of these insects is considered too short, while the the flight radius of birds is much more extensive (Pizo and Oliveira 1998) . From the limited flight of these insects, it can be inferred that gene flow via pollen dispersal occurs more effectively within the fragments and nearby areas. In contrast, seed dispersal occurs over long distances and among areas, contributing to the observed gene flow. Birds that disperse the seeds of V. curassavica have a generalist diet, and they show typical adaptation to open and disturbed areas, with the ability to move among fragments with high rate of dispersal (Gimenes and Anjos 2003) . Neighborhood size (N b ) reflects the number of reproductive individuals able to cross and exchange alleles at random among populations. This number was found to be approximately 31 individuals. Considering estimates from demographic data of the Joaquina population (Hoeltgebaum et al., unpublished data) , a minimum area of ~0.6 ha would be required to maintain this number of individuals.
Effective Population Size
The estimated effective population size (N e ) from the sample size was less than the sample size for all populations evaluated reflecting the fixation value found for populations, although this did not significantly differ from zero ( Table 7 ). The population of Joaquina had the lowest reference values, and Campeche had the highest reference values.
The conservation relevant N e 's are a tiny fraction larger than the relevant N (Table 7) . We only determined the density of plants in Joaquina, where we estimated 213 individuals/ha in 563 ha, considering all age classes. For V. curassavica, it was not possible to accurately identify the number of adults by the difficulty of establishing cohorts from the morphological characteristics of the species. However, based on individuals who were reproductive in the evaluation, the number is about 57/ind.ha ). Thus, it can be concluded that a sufficient number of individuals is available to exceed N e (1000). In other words, the Joaquina restinga maintains a population that ensures the long-term genetic conservation of this species. To maintain genetic diversity, a minimum area would need to be 8.84/ha for N e (500) , but 17.68/ha for N e (1000) to conserve the population in the medium and long terms. Although the density is not known for other fragments, both pattern of aggregate distribution and high number of individuals occur in all areas. The size of fragments, however, is variable as a consequent of different pressures exerted on them, as has already been discussed. Of the sampled areas, Campeche is the smallest, with about 60 ha of restinga bordering the beach in a narrow range contiguous with Joaquina. The restinga of Palhoça has an area of approximately 107 ha, and the area of Laguna encompasses about 1000 ha. Extrapolating the density values of Joaquina for the other areas, they could be considered as equivalent in terms of minimum area, since the reference values were similar. Thus, all current study areas would be sufficiently large for conservation of the species in the long term.
Implications for Conservation
This study provides evidence that V. curassavica is resilient to anthropogenic threats to its genetic integrity, essentially because it is a polyploid with self-incompatibility mechanisms that contribute to maintaining high genetic diversity in a panmictic meta-population along the coast of Santa Catarina, even though the restingas have suffered dramatic reductions in area.
All evaluated areas have potential for long-term conservation of V. curassavica populations. However, these restinga areas are subject to constant and on going anthropogenic pressure, which is reducing habitat. In terms of area and population, Campeche is, among the study sites, at most risk. Thus, a more rigorous legislative agenda would guarantee the maintenance of existing biodiversity and, as a result, maintain an important source of raw material for the production of herbal medicines derived from native flora. Juan Otalora, and Ramon F. Scherer. We wish to thank the researchers the Tropical Rainforests Research Center (NPFT) for their kind help in fieldwork. We also thank Camila Zanella for supporting genetic analysis, and the Aché Laboratórios Farmacêuticos SA for the market information.
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